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ABSTRACT 

/wo2 
A theoret ical  and experimental investigation was made of a porous 

w a l l  d i f fuser  used w i t h  a low density hypersonic nozzle. The Reynolds 

number range of the experiment varied from 1000 to  20,000 based on the 
- 

nozzle diameter. A t  the low Reynolds numbers nearly a l l  of the flow 

passed through the pores of the diffuser .  A t  the h i g h e r  Reynolds num- 

bers from 70 t o  85$ of the flow passed through the throat  of the d i f fuser .  

The measured pressure recoveries varied from 1 to  10 times the t e s t  

sect ion normal shock pressure. When models were introduced in to  the 

t e s t  sect ion stream, the mass flow and pressure recovery of the diffu-  

s e r  were markedly reduced. Although the model used to describe t h e  flow 

through the porous w a l l  a p p e a r s  incorrect,  t h e  theoret ical  and experi- 

mental pressure recoveries and mass flows were i n  good agreement. 
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N O M E N C L A N  R E  

A -  

a -  

cf  - 
'h - 
c -  

D -  
P 

h -  

Kn - 
L -  

M -  

r i -  

P -  

'T - 
R -  

Re - 
T -  

TT - 
u -  

v -  

e -  

2 area,  f t  

radius, f t  

skin f r i c t ? o n  cooif ic lent ,  - m 

Stan ton number 

L 
U - P, 09 

spec l f ic  heat a t  constant pressure, B t u / l b o R  

diameter, f t  

heat t ransfer  coef f ic ien t ,  Btu/ft 2 -secoR 

Knudsen number, mean f r ee  path/character ls t ic  length 

length, f t  

Mach number 

mass flow rate ,  slugs/sec 

s t a t i c  pressure, psf 

t o t a l  o r  stagnation pressure, psf 

gas constant, f t  / sec  R 

Reynol d s  number 

s t a t i c  temperature, R 

to ta  1 or  stagna t ion temperature, R 

velocity,  f t / s e c  

normal o r  suction velocity,  f t / s e c  

distance along nozzle-dlffuser, f t  

r a t io  o f  spec l f i c  heats 

displacement thickness, f t  

2 2 0  

0 

0 

momentum thickness, f t  
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NOMENCLATURE (continued) 

3 fJ - dens1 ty, s lugs/f t 

p;' - porosity or percent open area 

LC'I - nozzle or diffuser half angle 

Subscrl pts 

* -  
0 -  

1 -  

2 -  

3 -  

0 3 -  

2d - 
aw - 
comp - 
inc - 
w -  

nozzle throat 

stagnation chamber 

test section 

diffuser throat 

downstream of diffuser throat 

free stream 

two-dimensional 

adiabatic wall 

compress 1 b 1 e 

incompressible 

wa 1 1  

V 
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I NTRODUCTI O N  

. 
~ i : 

The near f ree  mo 

regime of great pract 

body Is  determlned by 

and molecule-wall col 

ecu 

ca 1 

the 

isi  

a r  flow regime represents a low densl t y  flow 

in te res t .  I n  t h i s  regime the flow about a 

character of both intermolecular col l  ls ions 

n s .  The r e l a t ive  importance of these two 

types of co l l i s ions  is  primarily dependent upon the Knudsen number (Kn)  

which i s  the r a t io  of the mean f ree  p a t h  to  the per t inent  t e s t  object  

dimension. As the Knudsen number increases a smaller f rac t ion  of mole- 

cules t h a t  rebound from the t e s t  object w i l l  co l l i de  w l t h  molecules t h a t  

a r e  proceeding t o  the t e s t  object,  so the incoming stream of molecules 

becomes less and  less dependent upon the t e s t  object .  I n  the l i m i t  

Kn--, , the incoming stream i s  independent of the t e s t  object ,  and 

the flow is  completely f r e e  molecular. 

I n  order t o  invest igate  t h i s  flow regime experimentally, I t  i s  

necessary to  provide a f a c i l l t y  that  1s capable of producing a range of 

mean f r e e  paths t h a t  a r e  grea te r  than and less  than t h e  t e s t  object  

dimensions. Since the typical low density hypersonic boundary layer is  

one or  two orders of  magnitude greater than the mean f r e e  path i t  i s  

necessary that  the w i n d  tunnel be two o r  three orders of magnitude larger 

t h a n  the t e s t  object i n  order to  obtain re l iab le  r e su l t s  a t  h i g h  Knudsen 

numbers. Due t o  t h i s  large ra t io ,  the w i n d  t u n n e l  m u s t  be large even 

f o r  models w i t h  dlmensions on t he  order of one inch. 

T h i s  requirement fo r  a large tunnel diameter means tha t  t h e  tunnel 

pumping  system must a l so  be large i n  ter'ms o f  volume flow. This resu l t s  

from the large physlcal s i ze  of the tunnel a n d  the presence of the low 

1 



momentum flow i n  the boundary layer. I n  a typical low density d i f fuse r ,  

the re la t lve ly  t h l c k  boundary layer  prevents the attatnment of any sfgnl- 

f i can t  pressure recovery i n  terms of the t e s t  section normal shock pres- 

sure recovery. Reducing the boundary layer height should be conducive to 

increasing the pressure recovery through a d i f fuser .  

Bottorff a n d  Rogers (1963) showed tha t  a nozzle w i t h  porous walls 

could be used to provide some control of the boundary layer h e i g h t  through 

boundary layer suction. I t  was f o u n d  tha t  the boundary layer suction re- 

duced the thickness of the boundary layer a n d  therefore allowed a reduc- 

t ion of the physlcal s i ze  of the nozzle fo r  specified t e s t  sect ion con- 

d i  t ions .  

Previously preliminary experiments by Rogers (1962) showed t h a t  a 

porous' nozzle a n d  a porous diffuser  could be used to obtain pressure 

recovery i n  excess of t e s t  section normal shock pressure recovery. Since 

- these levels of pressure recovery would permit one o r  two orders of magn 

tude reduction i n  the p u m p i n g  speed requirement f o r  a low denslty w i n d  

tunnel, i t  appeared t h a t  t h i s  approach m i g h t  make i t  economically f eas ib  

t o  develop large low density f a c l l l t i e s .  The present report  Is  a study 

of the operational charac te r i s t ics  of porous w a l l  low density d l f fusers  

e 

when operated w i t h  a l o w  density w i n d  tunnel i n  the Reynolds number range 

of 10 to 1.2 x 10 . 3 4 

, 



THEORETI C A L  C O N S  DERATl ONS OF D l  FFUSER PERFORMANCE 

Non-Porous Nozzle a n d  Diffuser Wal Is 

I n  the typical operation of a supersonic wind  tunnel (Figure 1 ) ,  

a i r  i s  expanded from the nozzle throat (Stat ion *) to  the t e s t  sect lon 

(Stat ion 1 )  and compressed from the t e s t  sect ion t o  the d i f fuser  throat  

(Stat ion 2 ) .  

tween the nozzle throat  a n d  the diffuser  throat  were completely isen- 

t ropic ,  i t  would be possible t o  compress the flow to t h e  sonic condition 

a t  the d i f fuser  throat .  Assuming the flow was adiabat ic ,  the d i f fuser  

The flow becomes subsonic a t  Station 3. i f  the flow be- 

throat would be the same s i ze  as  the nozzle throat .  There would be no 

loss i n  s tagnation pressure through the w i n d  tunnel and th i s  condition 

would have the m i n i m u m  possible pumping requirements. I n  pract ice ,  the 

flow is never isentropic  between the nozzle throat  and t h e  d i f fuser  throat  

and frequently i t  i s  not adiabatic.  Boundary layer flows and shock waves 

a re  the two main phenomena tha t  prevent the flow from belng isentropic ,  

The decrease i n  stagnation pressure resu l t ing  from the non-isentropic 

flow requires tha t  the d i f fuser  throat b e  larger than the nozzle throat .  

From the other  viewpoint, the maximum a t t a inab le  area r a t io  between the 

nozzle throat  a n d  t h e  d i f fuser  throat can be used as  a measure o f  the 

stagnation pressure loss between the two throats.  Assuming the flow a t  

each throat  is uniform and one-dimensional, the continuity equation can 

be used to  develop the relationship between the throat  conditions. The 

a nozzle and 

e throat  

present development is slmpl if ied by considering the case of 

a d i f fuser  having sol 

m u s t  pass through the 

d w a l l s  so mass flow enter ing the nozz 

d l f fuser  throat.  

3 
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b u t  P +  1 - '-m' 

Therefore, neglecting possible changes i n  Y" and R 

A 
2 .  The term (-) i s  t h e  area ra t io  associated w i t h  M 

** 2 A 

c- 

' *  
The maximum a t t a inab le  value of - corresponds t o  choking, so 

A A2 
M2 = 1 and (-) = 1 . I n  t h i s  l i m i t i n g  case, the pressure recovery 

Is given by 2 
A* 

P 

P 
T2 

T* 

- 

If the flow is  ad iaba t ic ,  T = T and the press 
T2  T* 

ire recc 

(5) 

' e ry  a t  a 

choked d i f fuser  throat  i s  di rec t ly  proportional t o  the area r a t io  between 

the nozzle throat  and the diffuser  throat.  

T h i s  r e su l t  corresponds t o  the m i n i m u m  pressure recovery tha t  can be 
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obtained a t  the specif ied area ra t lo .  This follows from the f a c t  tha t  

the sonlc cond l t f on  corresponds t o  the maxlmum mass f l ow  per u n l t  area. 

Therefore w i t h  a f lxed area ra t io ,  a reduction i n  pressure recovery would 

have to  be accompanied by a reduction i n  mass flow. Since the mass flow 

i s  f ixed by the continuity equation, I t  i s  not possible to  have a pressure 

recovery a t  the throat  t h a t  i s  less than tha t  g l v e n  by Equation 5. There 

may be s igni f icant  losses downstream of the throa t ,  so t h e  overal l  pressure 

recovery may be below that  g l v e n  i n  Equation 5. T h i s  i s  i l l u s -  

t ra ted  i n  Figure 2 ,  w h i c h  compares t h e  resu l t s  of Equation 5 w i t h  the 

experimental resu l t s  reported by Johnston and W l  tcofski (1960). The  

experimental pressure recovery exceeds the theoret ical  value f o r  smal l e r  

, b u t  as  the maximum experimental values of 
A* 

values of area r a t t o  - 
A, A2 - ' a re  approached, the experimental pressure recoveries f a l l  below the 

theoret ical  ones. T h l s  i s  the resul t  of losses downstream of the d i f fuser  
A 2  

throat  section. 

Figure 2 a l so  emphasizes tha t  experimentally the point of maximum 

pressure recovery does not correspond to a choked throat .  

from the pr ior  argument tha t  the maximum mass flow per u n i t  area corresponds 

to  the choking point.  

This follows 

Contraction beyond t h i s  choking point combined with 

decreasing pressure recovery is  not possible w i t h o u t  a corresponding de- 

crease i n  mass flow. 

ments, I t  folTows tha t  the throat  was not sonlc a t  the maximum pressure 

Since the mass flow was constant during the experi- 

recovery point. 

Whlle the a'nalysis based on a sonlc d i f fuser  throat  i s  not valid Tn 

ca lcu la t ing  the overal l  pressure recovery, i t  i s  useful i n  es tab l i sh ing  

the m l n i m u m  pressure recovery that  can ex i s t  a t  the d i f fuser  throat .  I t  

5 
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i s  a l so  possible to  use the one-dimenslonal analysls  t o  e s t ab l i sh  t h e  

maxfmum pressure recovery t h a t  can be obta lned f o r  a spectffed area r a t t o  

between t h e  nozzle throat  and the d l f fuser  throat .  This is done by assum- 

l n g  that  the flow Is isentropic  between the two throa ts .  I n  t h i s  case,  

the flow enters  the d i f fuser  throat a t  a supersonic velocl ty  and the 

idealized pressure recovery w l l l  b e  t h a t  associated w i t h  a normal shock 

a t  t h l s  supersonic d i f fuser  throat Mach number. It can be seen that  t h i s  

i s  the maximum possible pressure recovery fo r  the specif ied area r a t i o  by 

noting t h a t  while any conslderation of boundary l a y e r  displacement e f f ec t s  

tends to  reduce the Mach number, a n d  therefore  the shock losses associated 

w i t h  the flow, the viscous losses associated w i t h  the boundary layer growth 

a r e  greater  than t h e  benefi t  resul t ing from the lower Mach number. 

Equatlon 4 can be used to calculate  the maximum possible pressure 

recovery. I n  the equation, M 2  is the Mach number downstream of the 

normal shock wave. I n  the l l m l t i n g  case of a very h i g h  Mach number up- 

stream of the normal shock, the downstream Mach number becomes 

7- 

M .b (2.) 

2ups t ream 

When Equation 6 i s  subs t i tu ted  into Equation 4 and t h e  r e su l t s  evaluated 

f o r  '5" = 1.4 , 

While th i s  equation i s  based on the assumption of a very h i g h  incoming 

Mach number, i t  i s  w i t h i n  lo$ for  throat  Mach numbers down to  M = 4.2 . 

6 



Now Equations 5 and 7 represent two l i m i t i n g  s e t s  of assumptions. Equa- 

t lon  5 ls  based on the assumptlon t h a t  the s t agna t lon  pressure losses a r e  

such t h a t  the d i f fuse r  throat is  choked and therefore represents the m i n i -  

m u m  pressure recovery t h a t  can occur a t  t ha t  throat area r a t i o  and tempera- 

t u re  ra t io , .  Equation 7 is based on the assumption t h a t  the stagnation 

pressure is  constant t o  the diffuser throat where the flow becomes subsonic 

through a normal shock, a n d  therefore i t  represents the maximum pressure 

recovery t h a t  can occur a t  t h a t  throat area and temperature r a t io .  Since 

Equations 5 and 7 only d i f f e r  by the f ac to r  1.65 i t  i s  c lea r  t ha t  the 

pressure recovery Is e s sen t i a l ly  established by the throat area rat10 and 

the temperature r a t l o  a n d  i s  Tndependent of the processes between the two 

throa ts ,  The processes between the two throats w i l l  of course determine 

the possible throat area r a t i o  and  temperature ra t io ,  b u t  the s ign i f i can t  

point is t h a t  i f  the l i m i t i n g  values of throat area r a t i o  and temperature 

r a t i o  a r e  established, the maxlmum throa t  pressure recovery m u s t  fa1 1 w i t h -  

i n  the range of Equations 5 a n d  7, It i s  t o  be emphasized tha t .  the m i n i m u m  

measured pressure recovery may be below the l i m i t s  established by Equation 

5. This Is due to  losses occurring downstream of the throat.  

Porous Wall Nozzle and Diffuser 

It is necessary to  determine the e f f e c t  of t h e  flow through t h e  por- 

ous walls when ca lcu la t ing  the pressure recovery of a system having porous 

walls.  

i n  mass flow between the nozzle throat a n d  the d i f fuse r  t h roa t  m u s t  be ' 

Since both the nozzle and  d i f fuse r  walls may be porous, the decrease 

7 



considered i n  deriving the porous wall counterparts of ,Equations 5 and 7 .  

I f  the mass f low through the d t f fuser  throat Is less than the mass 

flow through the nozzle throat,  Equation 1 can be re-written 

(8) 
2 A 

e 2  5 A2 = - f* u* A* fi* 

This is  t h e  only change due to  the suction. The porous wail counterparts 

of Equations 5 and 7. become Equations 9 and 10, respectively. 

m i  n 

L Thus Equations 9 a n d  10 a re  j u s t  Equations 5 a n d  7 multiplied by - . 
fi* 

Thus i n  order to use these equations i n  calculat ing the l imits  on 

i t is necessary t o  deter-  pressure recovery a s  a funct io  
m, 

mine the var ia t ion of 4 and 
fi, mw 

c a n  be obta L The term - 
wall can be determined. 

i* 

$9 
L 
I 

fi* 

2f area r a t io ,  

- l 2  w i t h  area 
T* 

ned If  the suct 

T 

= 1 -  'suction 
5 

ra t io .  

on flow through the porous 

T 
I T, 

The  temperature r a t i o  - cannot be determined i n  such a d i  rect  T 
T* 

manner. However, since the pressure recovery varies a s  the temperature 

r a t i o  to  the one-haif power, the accuracy o f  the temperature r a t i o  i s  

s igni f icant  than the accuracy of the mass flow ra t io .  The temperature 

r a t i o  can be estimated from the heat t ransfer  to  the w a l l s  o f  the nozz 

es5 . 

e 

8 



, 

and t h e  d i f f u s e r  by the  f o l l o w i n g  heat balance. 

{’* - ’2) ‘p Tsuc t ion  f l o w  - T i )  dA + 
-..--#----\*/--- .\J 

fi* C T = J’ h (Ta,w 
+-.J p T* u,”--- A -.;+ 

Heat i n  Heat t r a n s f e r r e d  Heat ca rrr ed through 
t o  w a l l  porous wa 1 1  

Heat pass ing through 
d i f f user  t h  roa t 

This  w i l l  be s i m p l i f i e d  by t h e  f o l l o w i n g  assumptions: 

number i s  u n i t y  so T = T ; (2)  t h e  w a l l  temperature i s  constant ;  

and (3) the gas leaves the porous w a i l  a t  the w a l l  temperature so 

Ts u c t  i on 

( 1 )  The Prandt l  

T* a. w. 

= Tw . Us ing  these assumptions, the temperature r a t i o  becomes 

I n  o r d e r  t o  s o l v e  t h i s  i t  i s  necessary t o  determine the heat t r a n s f e r  

c o e f f i c i e n t  (h) 

The Reynolds analogy C = K C f  can be a p p l i e d  t o  the  present  a n a l y s i s .  h 

I f  the e f f e c t  o f  pressure grad ien t  i s  neglected,  the  cons tan t  K i s  equal 

t o  one-hal f  f o r  a s u c t i o n  boundary layer, as w e l l  as f o r  a non-suct ion 

boundary layer .  A s  w i l l  be seen l a t e r ,  the  e f f e c t  o f  pressure g r a d i e n t  

9 



i s  small as  f a r  a s  the flow properties a r e  concerned, so t h i s  e f f e c t  w i l l  

be tgnored I n  c a l c u l a t i n g  the heat t ransfer  ra te .  

The var ia t ion  of pressure recovery w i t h  area r a t i o  can now be e s t i -  

mated i f  the local s k i n  frTctTon coef f ic ien t  and the to t a l  mass flow through 

the pores can be determined. Bottorff and Rogers (1963) presented a tech- 

nique f o r  calculating the flow properties i n  a porous laminar flow nozzle. 

This technique used an  i t e r a t i v e  procedure which s a t i s f i e d  the momentum 

a n d  continuity equation a t  each s t a t ion  i n  the nozzle. The energy equation 

was Incorporated by assuming a Prandtl number of unity and u s i n g  the 

Crocco integral  re la t ionship  to  r e l a t e  momentum a n d  energy (Crocco, 1948). 

The local boundary layer cha rac t e r i s t i c s  were determlned from the suction 

boundary layer calculations of lglisch (1949) modified t o  include the 

e f f e c t s  of heat t ransfer ,  compressibi l i  t y  and axisymmetric boundaries. 

These cha rac t e r i s t i c s  were used to ca l cu la t e  the w a l l  shearing s t r e s s ,  the 

momentum thickness, the displacement thickness, a n d  the height of the boun- 

dary layer. 

The flow through the pores was estimated by assuming t h a t  the pores 

were connected to  a reservoir containing a gas a t  uniform conditions. T h e  

stagnation pressure f o r  the reservoir g a s  was assumed equal t o  the local 

s t a t i c  pressure i n  the nozzle and the stagnation temperature of t h e  reser- 

voir  gas was assumed equal t o  the nozzle wall temperature. The e f f e c t  of 

pore - and Reynolds number was included i n  the ca lcu la t ion  of t h e  pore 

mass flow. Since t h i s  approach provides the flow cha rac t e r i s t i c s  necessary 

2 t o  ca lcu la te  - 
t o  include the calculation of t h e  flow into the d i f fuser .  

L 
D 

i n  the nozzle, t h e  computer program was modified T2 
T 

a n d  - 
m 

fi$+ TT* 
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I 

S t a r t i n g  L i m i t a t i o n s  

S i  nce t h e  pressure recovery 1s d i  r e c t  l y  p r o p o r t  iona 1 t o  the  r a t  i o  

o f  the  nozz le t h r o a t  area t o  the  d i f f u s e r  t h r o a t  area, i t  i s  impor tant  

t o  be a b l e  t o  e s t a b l i s h  a la rge  value o f  t h i s  r a t i o .  I n  a s o l i d  w a l l  

d i f f u s e r ,  the va lue o f  t h i s  r a t i o  i s  l i m i t e d  by t h e  s t a r t i n g  process. 

Dur ing t h e  s t a r t i n g  o f  a supersonic nozzle,  t h e  shock waves must pass 

through the t e s t  s e c t i o n  i n t o  t h e  d i f f u s e r  t h r o a t .  

must be s i z e d  t o  a l l o w  a l l  o f  the r e l a t i v e l y  low pressure recovery a i r  

t o  pass through t h e  d i f f u s e r  t h r o a t  d u r i n g  t h e  s t a r t i n g  process. This  

p laces a severe l i m i t a t i o n  on the pressure recovery o f  a f i x e d  geometry 

d i f f u s e r ,  and I n  o r d e r  t o  o b t a i n  l a r g e r  p ressure  recover ies  i t  i s  neces- 

sary  t o  use v a r l a b l e  geometry d i f f u s e r s .  Since t h i s  is n o t  p r a c t i c a l  

f o r  an ax isymmetr ic  d i f f u s e r ,  most ax lsymmetr ic  d i f f u s e r s  have f i x e d  

geometry and l i m i t e d  c o n t r a c t l o n .  Whi le  the  porous d i f f u s e r  must 

operate under a s i m i l a r  l i m i t a t i o n ,  i t  Is i n  a more f a v o r a b l e  p o s i t i o n .  

This  r e s u l t s  f rom t h e  f a c t  t h a t  the pores, as w e l l  as t h e  d i f f u s e r  t h r o a t ,  

a r e  a v a i l a b l e  f o r  t h e  passage of mass f l o w  d u r i n g  the s t a r t i n g  process. 

Thus d u r i n g  t h e  c r i t i c a l  phase when the  s t a r t i n g  shock system i s  near 

t h e  t e s t  sec t ion ,  t h e  e n t i r e  porous d i f f u s e r  and t h r o a t  a r e  a v a i l a b l e  

f o r  mass f low, whereas the  s o l i d  w a l l  d i f f u s e r  has o n l y  the  t h r o a t  area 

a v a i l a b l e .  A f t e r  the  porous w a l l  d i f f u s e r  has s t a r t e d ,  the  low s t a t i c  

pressure combined w i t h  the supersonic f l o w  f i e l d  a c t s  t o  reduce the  f l o w  

through the pores so t h a t  whereas t h e  e n t i r e  f l o w  c o u l d  pass through the  

pores w i t h  t h e  shock system a t  the  t e s t  sec t ion ,  a f t e r  t h e  d i f f u s e r  has 

s t a r t e d  o n l y  a f r a c t l o n  o f  the f low passes through t h e  pores. 

The d i f f u s e r  t h r o a t  

1 1  



I n  order t o  calculate  the mass flow t h a t  passes through the pores 

of the diffuser durlng the s t a r t f n g  process I t  Is necessary to make 

several assumptlons, These w J l l  be discussed i n  the sect ion on the 

resu l t s  of the numerical calculations.  

12 



THEORETI C A L  C A L C U L A T I O N  OF DI FFUSER B O U N D A R Y  LAYERS 

Genera 1 Approach 

The method of Bottorff and  Rogers (1963) fo r  calculat ion of com- 

pressible  laminar boundary layers i.n nozzles w i t h  suction was extended 

during th i s  s t u d y  to  include calculation of the flow i n  porous d l f fusers .  

The extension assumes t h a t  the boundary layer concept can be carr ied Tnto 

the d i f fuser  a n d  t h a t  the flow i n  t h e  core i s  one-dimensional and isen- 

t ropic ,  Although t h i s  model can only be taken a s  a rough approximation 

of the physical case, I t  was hoped t h a t  I t s  resu l t s  would be useful a t  

, l e a s t  f o r  the prediction of trends. A brief description of t h i s  method 

follows. 

The method uses a momentum integral  approach t o  the 

the boundary layer charac te r i s t ics ,  The veloci ty  a t  the 

to  be f i n i t e  t o  include the effects  of suction. Deflnit 

calculat ion o f  

wall is  allowed 

ons of momentum 

a n d  displacement thicknesses which account f o r  transverse curvature a r e  

used. The solut ion f o r  the momentum integral  equation i s  

1 0 r- ! 

and 
VW Tx.' 

w(x) = - cf sec W + u - sec w 
2 ci> Tw 
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* 
F l a t  p la te  values fo r  s /e  a n d  Cf were used i n  t h e  above equa- 

t lons.  These were obtained from an exact solutlon developed by l g l i s c h  

(1949) f o r  incompressible flow. I n  Ig l i sch ' s  work, these quant i t ies  a re  

functions of the parameter 

2 But s ince 
T 

the resul ts  of lgl isch can be used d i r ec t ly  as  functions of  

\I T I- 

W 

w YRecomp 

Is then used S* . The value of (r) s* t o  get Cf and - 
i n  the following equation (S ive l l s  and Payne, 1959) t o  get 

( e  )2d  inc. 2d inc. 3 
( F )  . 

2d 

V 
W The parameter - was computed by assuming tha t  the flow through the 

UCL, 

porous w a l l  is  choked w i t h  stagnation conditions equal t o  the wall s t a t i c  

pressure and temperature. The  hole flow coef f ic ien ts  were taken from 

experimental data f o r  t h i n  o r i f i ce s  over a Reynolds number range from 

continuum to  near f r ee  molecule. 

Equation 14 m u s t  be solved numerically. A program for an I B M  7090 

computer was developed a n d  was avai lable  fo r  the present study. No account 

was taken of pressure gradlent e f fec ts  on Cf and - i n  'the e a r l i e r  

s t u d y .  

* 
e 

14 



Modification of Boundary Layer Equations 

to lnclude Pressure Gradient E f f e c t s  

Dur ing  the present study, an e f f o r t  was made to  include the e f f e c t s  

of pressure gradient i n  the I B M  7090 computer program, because of the 

possible importance of the adverse pressure gradient i n  a d i f fuser .  

No solut ions were found i n  the l i t e r a t u r e  f o r  the compressible 

laminar boundary layer w i t h  heat t ransfer ,  suction, and pressure gradient.  

T h u s  Tn order t o  estimate the pressure gradient e f f ec t ,  i t  is necessary 

to  resor t  to  solutions of the sol id  w a l l  boundary layer w i t h  pressure 

gradient and a p p l y  these a s  perturbation type corrections to  the and cf 
values fo r  the suction boundary layer. I S" 

8 

Solutions to the laminar boundary layer equations t h a t  lnclude t h e  

e f f ec t s  of heat t ransfer ,  compress1 bi 1 i t y  a n d  pressure gradient have been 

qui te  limited i n  number. The method of Cohen and  Reshotko (NACA-TR-1294, 

1956), as  d i s t i n c t  from other methods, does not require the solut ion of 

one o r  more ordinary d i f fe ren t ia l  equations and seemed to  b e  t h e  most 

su i t ab le  f o r  inclusion into the method of Bottorff and Rogers. Cohen a n d  

0 

Reshotko, a f t e r  applying Stewartson's transformat i.on to  the boundary layer 

equations, use Thwaitels concept (developed by h i m  f o r  incompressible flow) 

of re la t ing  the wall shear,  i t s  normal der lvat ive a t  the wall ,  and the 

form fac tor  t o  one another without specifying a type of veloci ty  profi le,  

.Non-dimensional forms of these q u a n t i  t i e s  were defined and were evaluated 

by examining exact solutions for  the laminar boundary layer, i n  t h i s  case 

those of Cohen and Reshotko (NACA-TR-1293, 1956). 

The Cf  equation developed by Cohen a n d  Reshotko i s  the following: 

15 



I--------- 

t,i - 

Converting t h i s  to  the Cf used i n  Bottorff a n d  Rogers, we have 

cf 

Cohen and  Reshotko have obtained t h e  shear parameter 1 as a 

function of the cor re la t ion  number n P , which m u s t  be known If t h i s  

method Is to be used. I f  there  1 s  no pressure gradient,  n P = 0 . 
Since the Cohen method was no t  developed f o r  a suction boundary 

layer,  appl icat ion of I t s  resu l t s  to a porous nozzle-diffuser a r e  limited 

to  a t tperturbation' t  type of correction t o  the Cf  developed i n  Bottorff 

a n d  Rogers f o r  suction boundary layers, Thus a i!C, can be defined as  

cf 

T 

' W  

where 4 ,[ Is the pressure gradient correct ion t o  the shear parameter 1 
S/0 , Cohen a n d  Reshotko give the following equation: 
* 

I n  the case of 

1s  a transformed form f ac to r  and i s ,  l ike  Cf  , a functlon of where H t r  
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T W  = H  - H t r  inc Taw . the correlat ion number n . For no pressure gradient,  
P 

If  8 pressure gradient exlsts, Htr can be written 

T 
H t r  = H - ' w  + @ H t r  

inc Taw 

whereAH 

Reshotko. If H t r  i s  used instead of H inc - Taw 

Bottorff 'and Rogers, the resul t lng equation fo r  (SYQ), 

gradients is: 

i s  the correction due to pressure gradient from Cohen and t r  
i n  the method of TW 

w i t h  pressure 

T T -r 

Considerations Regarding Separation 

I n  modifying the computer program t o  include d i f fuse r  ca lcu la t ions ,  

the range of the pressure gradient correlat ion parameter n had t o  be 

a r b i t r a r i l y  limited t o  a value below tha t  which would cause separation 

f o r  a no suction boundary layer. The possible e r ro r  introduced by doing 

t h i s  may be large,  a s  indicated by Figure 3, where a typical calculated 

var la t ion of n along the diffuser  i s  plot ted.  It Is c l ea r  tha t  i f  the 

P 

P 
boundary layer ac tua l ly  separates a t  the point indicated f o r  no suction, 

d i f fuse r  performance w i l l  be poor. Although the plot  indicates tha t  a 

no suction d i f fuser  would separate a t  the entrance, t h e  n a t  t h i s  point 

i s  not considered val id  because i t  occur,s a t  the nozzle-diffuser boundary. 

If the boundary layer separates a t  even the second indicated point,  however, 

P 
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the contraction of the d i f fuse r  would be qui te  limited and  the pressure 

recovery w o u l d  be essentially that assoclated with a tes t  sect ion normal 

shock, 1 t has been found experimentally, however, tha t  t h i s  separat ion 

apparently does not occur, o r  i f  i t  does occur i t  f a i l s  t o  se r ious ly  dis- 

rupt the core flow. This statement i s  based on the f a c t  tha t  pressure 

recoveries of u p  t o  ten times normal shock were achieved i n  the t e s t s  

a n d  a l so  upon the f a c t  t h a t  measured d i f fuser  s t a t i c  pressures exhibited 

a smooth increase along the length of the d i f fuser .  

The separation point indicated on the plot  was fo r  a no suction 

boundary layer. It  i s  well known tha t  boundary layer suctlon delays 

separat ion,  so t h a t  a higher value o f  the separation n can be expected 

f o r  a suction boundary layer. Investigations have been made to  attempt 
P 

t o  determine the magnitude of the increase i n  the pressure gradient para- 

meter tha t  wi  1 1  be caused by the suction. No references were found ' 

re la t ing  the e f f e c t  of  suction t o  the separation pressure gradient para- 

meter i n  a compresslble boundary layer. I n  v I e w  of t h i s  lack of informa- 

t ion on compressible boundary layers, i t  was decided to  attempt t o  deterd 

m i n e  the order of magnltude change I n  pressure gradient parameter d u e  to  

suction by using the resu l t s  o f  incompressible analysis ,  

Spalding and Evans have prepared a se r i e s  of reports tha t  compile 

the a v a l  lable exact solut ions o f  the incompressible boundary layer w i t h  

an a rb i t r a ry  pressure gradient and suction. 

boundary layer i s  characterized by parameters such as the momentum thick- 

ness, the kinematic viscosi ty ,  the local axial  veloci ty  gradient ,  a n d  

the suction flow rate .  The veloclty gra'dient i s  assumed to  be of the 

form - d' = cu . The sign of the constant c w i l l  be pos i t ive  o r  

I n  t h e i r  work the suction 

n 
dx 
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negative, depending upon whether the flow Is  acce lera t ing  o r  decelerating. 

For a l l  of the data presented, the exponent n has been lfmlted t o  values 

less  than 2 f o r  posi t ive velocity gradients and to  values greater  than 2 

f o r  negative veloci ty  gradients (d i f fusers ) ,  The l imitat ions have no 

physical s ignif icance,  but a r e  made only f o r  mathematical s i m p l i c i t y .  

These r e s t r l c t ions  a re  important i n  the case of hypersonic d i f fusers ,  

however, s ince f o r  the ve loc i t ies  of In t e re s t  i n  the present s t u d y  (3000 

to 4000 fps)  calculat ions have been carr ied out only f o r  extreme veloci ty  

gradients. It i s  t h u s  apparent t h a t  the incompressible flow calculat ions 

a re  not useful i n  attempting to  determine the magnitude of the e f f e c t  

of suction on the separation point, 

Results of Calculations W i t h  and W T t h  u t  Pres ure Gradient 

Figure 4 is a comparison of the computer resu l t s  w i t h  and without 

the previously described pressure gradient correction. 

fi2/ri* 

center l ine  f o r  the 8 h a l f  angle, 15% porosity d i f fuse r  a t  stagnation 

conditions t y p i c a l  of those used i n  the t e s t s .  The pressure gradient 

correction gives a lower Mach number a t  a l l  locations which implies 

t h a t  the increased skin f r i c t i o n  coef f ic ien t  more than o f f se t s  the favor- 

ab le  shape parameters and resul ts  i n  an increase i n  boundary layer thick- 

ness. However, i t  appears tha t  the Mach number difference disappears 

near the end o f  the d i f fuser .  

t o  15$ higher (suct ion flow 5% to 15% lower) i n  the no pressure gradient 

case, a r e su l t  of the lower tunnel s t a t i c  pressures f o r  t h i s  case. 

Mach numbef and 

have been plot ted versus the dis tance along the nozzle-diffuser 

0 

Mass flow, r a t io s ,  however, a r e  about 5% 
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I n  order to  fu r the r  assess the va l id i ty  of the Cohen-Reshotko method 

f o r  calculat ing laminar boundary layer cha rac t e r i s t i c s  i n  a pressure gra- 

d len t ,  the nozzle boundary layer  was calculated fo r  the pressure gradlent 

a n d  no pressure gradient cases f o r  a n  ex is t ing  

been thoroughly Tnvesti gated experimentally. 

M = 6 nozzle which has 

The comparison between the 

resul t ing t e s t  sect ion Mach numbers i s  shown i n  Figure 5. Again, the 

pressure gradient case shows a decreased Mach number and Is i n  poorer 

agreement wi t h  experiment t h a n  the no pressure gradient calculat ions.  

1 t appears that  the Cohen-Reshotko procedure may over-estimate the 

e f f e c t  of t h e  pressure g r a d i e n t  on the skin f r i c t i o n  coef f ic ien t .  This 

i s  a l so  implied i n  a report  by Carden who compared experimentally measured 

heat t r ans fe r  coef f ic ien ts  i n  a laminar flow nozzle w i t h  the r e su l t s  of 

calculat ions using the Cohen-Reshotko procedure, The heat t r ans fe r  

coefficients calculated by the Cohen-Reshotko procedure great ly  exceed 

experimentally determined ones. 

quacy using the Cohen-Reshotko procedure to ca lcu la te  the. e f f ec t  of 

pressure gradient on nozzle-dfffuser boundary layer cha rac t e r i s t l c s  and 

a l s o  considering t h a t  the e f f ec t  of the pressure gradient appears smali 

when used i n  the calculat ion of the nozzle-diffuser boundary layer, i t  i s  

I n  view of t h i s  uncertainty of the ade- 

concluded tha t  f o r  the purposes of t h i s  study the e f f ec t s  of pressure 

gradient can  be neglected, 
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a 
RESULTS O F  THEORETI C A L  C A L C U L A T I  ONS 

Mass Flow 

Calculations were made f o r  a s e r i e s  of nozzle-diffuser combinations. 

The variables included the Mach number, the Reynolds number, the contrac- 

t ion angle G , a n d  the porosity ,$ . While the important parameters i n  

determining the performance of a diffuser  a r e  the pressure recovery and 

mass flow relat ionships ,  by t h e  use of Equations 9 and 10 i t  is  possible 

t o  determine the l i m i t s  on pressure recovery i f  the var ia t lon of mass flow 

a n d  temperature r a t i o  w l t h  area ra t io  a re  known. Figures 6 through 8 show 

the typical var ia t ion of mass flow r a t i o  w i t h  d i f fuse r  area r a t io .  

The porous nozzle used i n  these calculat ions had  a 26O included angle 

a n d  a 12" e x i t  diameter. The nozzle throat  was varied between Mach number 

10 and Mach number 6. Both the nozzle and the d i f fuser  walls were a t  l i q u i d  

nltrogen temperature. The lowest values of - a r e  those corresponding 

to  the t e s t  sect ion.  

A* 

A2 

Figure 6 shows the variation of mass flow w i t h  area r a t i o  f o r  d i f f e r -  

ent values of @ a n d  13 . From t h i s  plot  i t  i s  seen tha t  increasing 

e i t h e r  the porosity or  the length increases the flow through the pores. 

T h i s  is  consis tent  w i t h  what would be expected in tu i t i ve ly ,  i.e.,  tha t  

the flow out the d i f fuser  w a l l  would be approximately proportional t o  the 

to t a l  open area of t h e  d i f fuser .  The to t a l  flow through t h e  d l f fuse r  pores 

i s  not d i r ec t ly  proportional to the area of the d i f fuser  pores because 

increasing d i f fuser  pore flow resul ts  inqdecreasing s t a t i c  pressures i n  

the d i f fuser .  Since the local mass flow through the d i f fuse r  pore i s  

almost d i r ec t ly  proportional to the local s t a t i c  pressure, the decrease 
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i n  s t a t i c  pressure resu l t s  i n  a decrease I n  mass flow per u n i t  open area.  

T h l s  assumed r e l a t l o n s h l p  between local mass flow and local s t a t i c  pres- 

sure  keeps the flow from being d i rec t ly  proportional t o  t h e  t o t a l  open 

area of the d l f fuser .  

Figures 7 and 8 show the e f f ec t  of Reynolds number on the d i f fuser  

performance. Increasing Reynolds number r e su l t s  i n  a r e l a t ive  reduction 

i n  mass flow through t h e  pores. This i s  due to  the increase i n  Mach num- 

ber tha t  Is associated w i t h  an  increase i n  Reynolds number. The  Mach 

number increases because of the reduction i n  boundary l aye r  height w i t h  

increasing Reynolds number. The  increased Mach number r e su l t s  i n  a re la-  

t i ve ly  lower s t a t i c  pressure a t  the pores, and since the pore flow I s  

d i r ec t ly  proportional to the s t a t i c  pressure, t h i s  resu l t s  i n  a reduction 

i n  pore flow. A s  the Reynolds number increases,  the boundary layer becomes 

thinner so t h e  var ia t ions i n  the height of the boundary layer have a smaller 

e f f e c t  on the Mach number and pressure i n  the nozzle and d i f fuser .  

Heat Transfer 

I n  order t o  use Figures 

recovery, I t  i s  necessary t o  

6 through 8 i n  calculat ing the pressure 

determine the var ia t ion of - 
T 

T, . Calcu- T2 

'* 
la t ions were made using the procedure outlined on pages 9 -10 . I t  was 

found t h e  heat t ransferred between the nozzle throat  and  the d i f fuser  

throat  was re la t ive ly  constant and  equal t o  about 15 of the energy enter-  

i n g  the nozzle throat .  Thus the temperature r a t io  Is about .85. 
f 
T, '* 

Since only a small f rac t ion  of the energy i s  t ransferred from the incoming 
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g a s  to the nozzle walls,  i t  i s  apparent tha t  the temperature r a t io  i s  

not a n  Important parameter i n  calculatlng the thearetlcal ltmlts on the 

pressure recovery. 

Cryopumped D i  f fusers  

I n  a low d e n s i t y  w i n d  tunnel w i t h  porous d i f fuser ,  the f Tow through 

the pores generally represents a very large volume flow ra te  because of 

the low pressures ( t y p i c a l l y  of the order of 1 micron) which must b e  

maintained outs ide the nozzle and d i f fuser  walls.  Thus a cryopump, which 

can be arranged so t h a t  i t  en t i re ly  surrounds the nozzle and d i f fuser ,  is  

an especial ly  a t t r a c t i v e  means of pumping  the suction flow because of the 

very h i g h  pumping speeds which can be achieved. 

The cryopump is however a mass flow 1 i m i  ted pump and t h u s  the prob- 

lem i n  such a n  i n s t a l l a t ion  is t o  d e s i g n  a d i f fuser  which w i l l  minimize 

the volume flow ra te  a t  the diffuser  throat  while maintaining the pore 

mass flow below t h e  capacity of the cryopump. 

off involved, calculat ions were made f o r  the 12 half angle,  15% porosity 

To i l l u s t r a t e  the trade 

0 

di f fuser  w i t h  the 12" diameter Mach 10 nozzle. The t e s t  section u n i t  

Reynolds number was Figure 9 

presents the maximum possible pressure recovery (Equation 10) and the 

340/in ( P T  = 1.96 psia ,  TT = 1320'R). 
0 0 

di f fuser  throat  mass flows a s  a function of nozzle t o  d i f fuser  throat  

area rat io .  A s  the d i f fuser  area r a t l o  is  Increased the assumed normal 

shock occurs a t  a lower Mach number. The lowered Mach number more than 

o f f s e t s  the decreased mass flow r a t i o  to give a s tead i ly  increasing pressure 
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recovery as the area r a t i o  is  tncreased. Figure 10 presents the corre- 

spondlng pumping  speed requlrernents f o r  the diffuser throat f l o w  along 

w i t h  the cryopump capacity required t o  pump the pore flow. 

seen tha t  the diffuser  throat  volume flow can be diminished t o  very small 

values b u t  the cryopump capacity curve r i ses  s teeply a s  t h i s  is  done. 

I t  can be 

I t  i s  apparent then tha t  a trade off must be made t o  balance the two 

requi rements. 

general terms s ince i t  depends on a great many fac tors  (Reynolds number 

range, tunnel s i z e ,  avai labi 1 i  ty  o f  various pumping  means, etc.)  which 

The most economical contraction r a t io  cannot be derived i n  

must be i n d i v i d u a l l y  considered f o r  each ins ta l  la t ion.  

S ta r t ing  Ca lculat i  ons 

The porous d i f fuser  can s t a r t  w i t h  greater  amounts of contraction 

t h a n  a so l id  wall d i f fuser  s ince the openings i n  the d i f fuse r  wall tha t  

a r e  downstream of the shock system ac t  as  additional d i f fuser  throat  area 

during the s t a r t i n g  process. These pores a r e  not carefu l ly  shaped nozzles 

b u t  a r e  sharp-edged o r i f i c e s ,  so instead of flowing f u l l  of gas a t  a sonic 

condition, they flow a t  a lower ra te .  While, if the pressure r a t io  i s  

h i g h  enough, the flow ra te  can be estimated as  a function of Reynolds num- 

ber, due t o  other  uncertaint ies  i t  is  adequate to  assume the pores a r e  

choked. 

The temperature of the gas  passing through t h e  pores i s  unknown 

since i t  is  d i f f t c u l t  to estimate the heat t ransfer .  It was found that  

the heat t ransfer  i n  the diffuser  i s  low if  the d i f fuser  i s  supersonic 

J 
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($ '3 .85); however, i f  the g a s  is  subsonic and a t  a higher pressure 

level, t h e  heat transfer wf I 1  be fncreased. In vlew o f  t h i s  Uncertainty, 
T* 

a conservatlve assumption has been made, i .e. ,  the g a s  is a l l  a t  the 

stagnation temperature. 

The other ma o r  uncertainty i s  the pressure recovery of the gas 

behind the normal shock system. At h i g h  Reynolds numbers, i t  has been 

found experimenta l y  tha t  t h i s  shock system has a lower loss than a s ing le  

normal shock. This i s  evidenced by the abi l i  t y  of d i f fusers  t o  s t a r t  

wl t h  greater  contraction than theory predicts .  

i t  has been assumed tha t  these errors  a r e  self-compensating, i.e., the 

For the present analysis  

reduction i n  area i s  j u s t  balanced by the higher pressure recovery and 

lower temperature. Now the s t a r t i ng  c r i t e r i a  w i l l  be tha t  the quantity 

of gas tha t  can flow through the open area downstream of t h e  shock wave 

must equal or  exceed the quantity of gas entering the shock wave. The 

gas flowing through the pores i s  assumed to  be choked a t  the stagnation 

temperature and  pressure associated w i t h  a normal shock. The s t a r t i n g  

charac te r i s t ics  of several nozzle-diffuser configurations were investigated 

using t h i s  approach. It was found tha t  the crucial  phase of the s t a r t i n g  

process occurs when the normal shock i s  positioned a t  the t e s t  sect ion.  

This i s  the same r e s u l t - t h a t  i s  found fo r  a non-porous d i f fuser .  
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E X P E R I M E N T A L  PROGRAM 

Faci 1 i t y  Description 

The experiments were conducted 1 n the Hypera 1 t i tude Faci 1 i t y  of t h e  

Environmental Division of t h e  U .  S. Naval Missile Center, Point Mugu, 

Californla A complete description of t h ! s  f a c i l i t y  is  given i n  Bottorff 

(1964) and only a brief summary w i l l  be presented i n  t h i s  sectlon. 

baslc facl  i t y  consis ts  of a 10' diameter 20' long vacuum chamber t h a t  

has  a combination of p u m p l n g  systems. 

present t e s t  was a 20°K cryopump tha t  Is cooled by a 350 watt gaseous 

helium ref r igera tor .  The condenser can be isolated from the main chamber 

by a large 5 '  diameter valve which allows access to the models and t u n n e l  

without bringing the cryopump u p  to  ambient temperature. 

The 

The primary pumping u n i t  f o r  the 

The present investigation u t i l i zed  the porous wall nozzle described 

i n  Bottorff a n d  Rogers (1963). 

12" e x i t  diameter which has l i q u l d  nitrogen cooled porous w a l l s .  

T h i s  nozzle is  basical ly  a Mach 10 nozzle w i t h  

Exper i men t a  1 Arrangement 

The experimental arrangement used i n  t h i s  t e s t  i s  i l l u s t r a t e d  i n  

Figure 1 1 .  The nitrogen gas which was obtained by vaporizing l i q u i d  

nitrogen was metered ln to  the stagnation chamber to  malntain a selected 

stagnation pressure.  After passing through the nozzle throat ,  par t  of 

the flow was removed through the l i q u i d  nitrogen cooled porous walls of 
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I 

(he nozzle a n d  the diffuser .  

valve In to  the cryopump. 

throat  into the pumping  system where i t  could be directed to  e t the r  the 

mechanical pump or  the cryopump. 

was varied by manipulating the th ro t t l e  valves ( 1  and 2).  

This flow passed through t h e  5’ dlameter 

The remalning f l ow  passed th rough t h e  d i f fuse r  

The pressure a t  t h e  end of the d i f fuse r  

It was or ig ina l ly  planned t o  use the sect lon M (F igure l l )  as  a 

metering run; however, t h i s  d i d  not prove pract ical  due to  e r r a t i c  pres- 

sure  drops i n  the metering section. T h i s  e r r a t i c  performance resulted 

from the persistence of the core flow when the d i f fuser  throat  was super- 

sonic. This problem was a l lev ia ted  by i n s t a l l i ng  the s t i l l i n g  chamber 

S (Figure 1 1 )  a n d  u s l n g  the t h i n - w a l l e d  o r i f i c e  a s  a metering system. 

I n  order t o  use t h i s  meterlng system, i t  was necessary that  a l l  of the 

flow pass through the s t i l l i n g  chamber and in to  t h e  cryopump SO valve 2 

was closed a t  a l l  times. 

I ns t rumenta t i on 

Since there  a r e  extremely wide var ia t ions of pressure level i n  the 

hypersonic w i n d  tunnel, i t  i s  necessary to use a var ie ty  of pressure 

gauges to  monitor the flow conditions. 

The stagnation chamber pressure was measured u s i n g  a Bourdon Gauge 

The s t a t i c  which was limited by reading accuracy t o  3% t o  5% accuracy. 

pressures i n  the converging section of the supersonic d i f fuser  were 

measured using thermocouple gauges. 

usable range  of 0-100 microns, while the th i rd  gauge had a range of 

5-1000 microns. By the use of su i tab le  valving, the t e s t  section normal 

The f i r s t  two instruments had  a 
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shock pressure, the s t a t i c  pressure i n  the d i f fuser  throat ,  and the d i f f u -  

s e r  recovery p ressure  were measured u s i n g  one Alpha t ron  gauge. When I t  

was necessary to  measure the s t a t i c  pressure near the d i f fuse r  recovery 

tube, the same Alphatron was used. The pressure i n  the metering system 

was measured u s i n g  a capacitance type mechanical diaphragm gauge. A i  1 

gauges were cal ibrated on a device tha t  metered known increments of gas 

into a container of a fixed and known volume. 

D i  f fuser  Conf i gura ti ons 

Three d i f fuser  contraction sections were tes ted.  Two contractions 

had  a n  8' half angle a n d  the third h a d  a 12' h a l f  angle. 

a n d  the 1 2 O  d i f fuser  had a porosity of 15$, i*e.,, there  was I5$ open area.  

The second 8' d i f fuser  h a d  a porosity of 30%. 

diameter holes d r l  l ied I n  the - I '  di f fuser  wall. 

constructed so the diameter of the throat  sect ion could be varied between 

2 inches and 36 inches. T h e  of the throat  was e s sen t i a l ly  constant 

a t  a value of 4.8. 

One 8' d i f fuser  

The pores consisted of &'I 

The d l f fusers  were 

0 

16 

The en t i r e  diffuser  assembly could b e  moved re la t ive  

to  the nozzle so the e f f ec t  of v a r y i n g  the f r ee - j e t  length could be 

investigated.  The supersonic Contraction section a n d  the constant area 

throat  were cooled t o  1 i q u i d  nitrogen temperature. 

The configurations a r e  ident i f ied by a code consisting of ( 1 )  di f fuser  

half angle , (2)  porosity,  (3) throat diameter, a n d  (4)  f r ee - j e t  length. 

T h u s  8°-15$-21t-6'8 refers  to  the 8' h a l f  angle,  15% porosity d i f fuser  w i t h  

a 2' '  diameter throat and a f ree- je t  length of 6'l. 
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A t raverse  mechanism was instal led so various models could be i n -  

serted I n  the s t r e a m ,  

di f fusers ,  i t  was ant ic ipated t h a t  the disturbances caused by the models 

would ser iously a f f e c t  the diffuser  performance. The models included a 

1 ' '  diameter sphere, a 30' included angle cone w i t h  a 1" base dlameter, 

a n d  a & I 1  stagnation pressure probe. 

SInce these were expected t o  be h igh  performance . 

Testing Procedure 

During typical tes t ing ,  the tunnel conditions were establ ished by 

ra i s ing  the stagnation chamber pressure to the desired level w i t h  the 

t h r o t t l e  valve w i d e  open. After the pressures had  s t ab i l i zed ,  the read- 

ings were taken and  the t h r o t t l e  was closed t o  ra l se  the pressure a t  the 

end of the d i f fuser  sect ion.  Typically the valve was c 

metering system showed a decrease i n  mass flow and then 

opened u n t l l  the e n t i r e  mass flow was once more passing 

metering sect ion.  T h i s  point would roughly correspond 

osed u n t i  1 the 

the valve was 

through the 

o the c r i t i c a l  

point of the d i f fuser .  Additional data points were then taken w i t h  the 

valve closed beyond t h i s  point.  T h i s  procedure generated plots  of pres- 

sure  recovery versus mass flow t h a t  a r e  comparable to  those obtained 

during the t e s t ing  of supersonic i n l e t s .  

I t  was found tha t  some configurations would not operate properly 

because of the losses i n  the 4" diameter metering p l p i n g .  Since the mass 

flow data was the most important data,  ;he metering system was shortened 

a n d  the valves were removed i n  a n  attempt to reduce the losses through 

the metering system. For these configuratlons only a s ing le  mass flow 

point was obtalned f o r  each Reynolds number. 
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Data Reduct Ion 

The pressure data was reduced to coef f ic ien t  form by ra t lo tng  the 

pressures t o  the stagnation chamber pressure. 

The mass flow through the metering system was obtained by assuming 

the flow charac te r i s t ics  of the o r i f i c e  were the same a s  those reported 

by Lieprnann (1960). I n  that  investigation, an  o r i f i c e  w i t h  an of - D 40 

was tes ted from the continuum range through the free-molecular flow range. 

Lieprnann found tha t  i f  the Knudsen number of the o r i f i c e  was below - 1 ,  

the mass flow was essent ia  1 l y  independent of Knudsen number and equal to  

85% of the flow t h a t  would pass through a sonic throat of the same area.  

T h e  present experiments were i n  the same Knudsen number range; however, 

I t  was not possible t o  m a i n t a i n  the same pressure r a t i o  across the o r i f i c e .  

Liepmann maintained a pressure rat io  o f  1,000. However, he points out i n  

the theoret  cal development tha t  i n  contlnuum flow a pressure r a t io  o f  

approximate y 26 is  su f f i c i en t  to prevent the downstream pressure from 

influencing the flow through the o r i f i c e  i f  the gas  has a value of 

:L = 1.4 . T h i s  condition was met f o r  most of the configurations tes ted 

i n the present i nves t i ga t i on. 

i 

The relat ionship between the flow through the nozzle and the flow 

through the d i f fuser  throat  is given by 

I n  the present investigation i t  was foun‘d tha t  w 

enter ing the nozzle, the temperature of the gas 

t h  ,room temperature gas 

eaving the o r i f i c e  was 
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a l s o  room temperature. 

9 throat dlarneter was 32 Inch. 

The or i f ice  diameter was 4 Inches a n d  the nozzle 

E q u a t l o n  27 becomes 

C 
dl pT 

fi* P 
- -  - 172 - 

T 

‘0 

This i s  the expression t h a t  was used i n  calculat ing the diffuser  throat  

mass flow ra t io  from the measured pressures. 

, 
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EXPERIMENTAL RESULTS AND COMPARl SON W I  TH THEORY 

Pressure Recovery Data 

F l g u r e  12 Is a p l o t  o f  measured pressure r a t i o  versus measured mass 

f l o w  r a t i o  f o r  t h e  d i f f u s e r  c o n f l g u r a t l o n  8015$-211-0. T h l s  f i g u r e  can 

be used t o  demonstrate some o f  these s a l i e n t  fea tures  o f  t h e  exper imental  

r e s u l  t s .  

The f lagged symbols correspond t o  t h e  pressure recovery measured by 

the s tagnat ion  pressure probe a t  the end o f  the d i f f u s e r .  

b o l s  correspond t o  the  s t a t i c  pressure measured j u s t  downstream o f  t h a t  

loca t ion .  

The p l a i n  sym- 

The numbers on t h e  p o i n t s  correspond t o  t h e  sequence o f  c l o s i n g  

the mass f l o w  valve.  

o f  the d i f f u s e r  f o l  lows the t h e o r e t i c a l  t r e n d  i n s o f a r  as t h e  pressure r l  ses 

as the  va lve  i s  c losed, the s tagnat ion  pressure o f t e n  does not.  T h i s  i s  

because the  s i n g l e  s tagnat ion  pressure tube I S  genera ly n o t  r e p r e s e n t a t i v e  

of  the f l o w  c o n d i t i o n s  a t  t h a t  s t a t i o n .  Since t h e  p r  be i s  mounted I n  t h e  

center  o f  the  tube i t  i s  unduly  In f luenced by t h e  h i g h  s t a g n a t i o n  pressure 

core which p e r s l s t s  i n t o  t h i s  reg ion when t h e  t h r o t t l e  v a l v e  i s  r e l a t i v e l y  

wide open. 

promotes b e t t e r  m i x i  ng so t h e  s tagnat ion pressure probe becomes more repre-  

s e n t a t l v e  o f  t h e  f l o w  a t  t h a t  loca t ion .  

Whi le  the  s t a t i c  pressure measured a t  the a f t  end 

As t h e  va lve  Is closed t h e  shock system i s  moved fo rward  and 

As the  shock system i s  moved forward the  d i f f u s e r  mass f l o w  begins 

This  is probably  the r e s u l t  o f  separa t ion  and reversed f l o w  t o  decrease, 

on the w a l l s  o f  the  d i f f u s e r  throat .  

fo rward  t o  i n f l u e n c e  t h e  s t a t i c  pressure measurements i n  the converg ing 

s e c t i o n  o f  t h e  supersonic  d i f f u s e r .  

Th is  separa t ion  feeds f a r  enough 
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Due to the f ac t  t h a t  the disturbance feeds forward s u c h  a long distance,  

the peek pressure recovery i s  not obtalned u n t i l  a conslderable part o f  the 

mass flow is being s p i l l e d  a t  the low Reynolds numbers. While t h i s  could 

probably be corrected by using a longer constant area throa t ,  the main bene- 

f i t  would be the increased mass flow a t  the c r i t i c a l  point ,  s nce the increase 

i n  pressure recovery would b e  modest. 

the experimental pressure recovery w i t h  the theoret ical  maxim m possible 

pressure recovery. The maximum theoretical  pressure recovery i s  obtained 

by the Intersection of ver t ical  l ines through the maximum measured mass 

flows a n d  the l ine labeled Equation 10, This corresponds t o  isentropic  

flow between the nozzle throat  and the diffuser  throat  and therefore repre- 

sents  the maxlmum possible pressure recovery. The maximum experimental 

pressure recoveries a re  w i t h i n  10 t o  15% of the theoret ical  values, 

T h i s  i s  c lea r  from the comparison of 

The agreement between the values of pressure recovery suggests tha t  

the re la t ive ly  short  constant area diffuser  throats  a r e  adequate i f  some 

sp i l l age  i s  allowable. I f  the d i f fuser  walls were so l id  S O  mass f low 

could not be sp i l l ed  without causing the d i f fuser  t o  become unstarted,  

the pressure recovery would be s igni f icant ly  reduced, Under these condl- 

t ions the maximum pressure recovery would be limited t o  the values corre- 

sponding to  the point a t  which the d i f fuser  throat  mass flow s t a r t s  to 

decrease. 

Figure 13 i l l u s t r a t e s  the change i n  d i f fuser  effect iveness  caused by 

opening the f r ee - j e t  t o  6 inches a n d  by i n s t a l l i ng  a model, I n  order t o  

avoid the e r r a t i c  pressures measured by the stagnation pressure probe, 

the pressure ra t ios  were obtained using' the s t a t i c  pressure a t  Station 3. 
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For most configurations th i s  pressure is w i t h i n  10% of the stagnation 

pressure a t  the peak pressure recovery. 

The 6 Inch f r ee - j e t  causes a s l i gh t  reduction of the mass flow and 

pressure recovery. The model has a more deleterious e f f e c t  on the perfor- 

mance, causing s igni f icant  reductions i n  mass flow a n d  pressure recovery. 

F i  gures 14 a n d  15 compare the same performance parameters fo r  conf i -  

gurations 8030$-2 and  12015$-2.5 , respectively. These configurations 

show simi la r  charac te r i s t ics  to  the ones previously discussed. 

It was not always possible to obtain continuous data a s  the mass flow 

was reduced by closing valve i . As t h e  mass flow was reduced a point 

was often reached where the shock wave would move abruptly from near the 

d i f fuser  throat to a point f a r  upstream of the d i f fuser  throat .  This 

would resu l t  i n  negl lglble  values of pressure recovery and mass flow. It 

appears t h a t  under these ci rcumstances the suction was insuf f ic ien t  t o  

s t a b i l i z e  the shock wave system a t  tha t  point i n  the d i f fuser .  

Similarly i t  was not always possible to  obtain data a t  the higher 

Reynolds numbers. For example, the configuration 12~15%-3tr-6tr would 

not remain s t a r t ed  above Reynolds number/inch = 800. As the stagnation 

pressure was raised above t h i s  point, the shock system would abruptly 

move upstream from the d i f fuser  throat.  Since th i s  configuration had  a 

pressure recovery t h a t  was comparable to the pressure required to  over- 

come the losses I n  the:metering system, i t  i s  possible t h a t  the metering 

system losses were act ing as  a p a r t i a l l y  closed valve a n d  forcing the 

shock system forward of the d i f fuser  throat.  I n  t h i s  case, the same 

mechanism would be involved i n  the abrup: movement of the shock wave. 

one case the crucial  condition i s  achieved by varying the mass flow t h r o t t l e ,  

I n  
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while i n  the other- case i t  i s  achieved by ra i s ing  the stagnation pressure. 

From a comparison o f  the experimentally determlned var ia t lon  of 

pressure recovery w i t h  mass f l o w  and t h e  theory glven by Equatlons 9 and 

10, I t  i s  apparent tha t  the theory serves as adequate l imits  t o  d l f fuser  

performance. 

Mass Flow Data 

Since the data presented so fa r  has confirmed the va l id i ty  of the 

limlts s e t  by Equations 9 and  10, the remainder of the discussion w i  1 1  be 

concerned w i t h  mass flow ra t los ,  Figures 16 through 19 I l l u s t r a t e  the 

various conf i - 
uded to  i nd i ca t e  

var ia t ion o f  mass flow ra t io  w i t h  Reynolds number for  the 

gurations.  The theoret ical  t e s t  section mass flow Is inc 

the magnitude of the flow through the nozzle pores. 

Figures 16, 17 a n d  18 compare the mass flow characte i s t l c s  of a 

s e r i e s  of configurations which only d i f f e r  by the diameter of the constant 

area throat ,  It i s  seen tha t  the 2" diameter throat  and the 3" diameter 

throat  both follow the theoret ical  trend w h i  l e  the 32l diameter throat  has 

a lower mass flow than expected. This reduced mass flow was caused by 

excessive losses I n  the mass flow metering system which prevented the 3&'$ 

configuration from s t a r t i n g  properly. This i s  i l l u s t r a t e d  by Figure 20,  

which shows the measured s t a t i c  pressures i n  the converging sect ion of the 

d i f fuse r  f o r  the three configurations. 

d i s t i n c t  r i s e  i n  the s t a t i c  pressure befpre the throat.  Thls pressure r i s e  

The  3%" configuration shows a 

increases the flow through the pores and resu l t s  i n  a lowered mass flow 
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a t  the d i f fuser  throat.  

Figures 16 and 19 a r e  the same conflguration except f o r  an Increase 

i n  porosity.  It i s  seen tha t  the increased porosity h a d  a small e f f e c t  

on the flow ra te  i n  the diffuser.  T h i s  i s  i n  contrast  to  the theory,which 

predicted a s ign i f icant  increase i n  flow ra te  through the pores. 

found tha t  the conflguration w i t h  increased porosity had a lower s t a t i c  

pressure d is t r ibu t ion  along t h e  converging sect ion of the d i f fuser .  T h i s  

lowered s t a t i c  pressure would yield a reduced mass flow ra te  compared to  

the 15% configuration. I t  w i l l  be shown i n  a l a t e r  sect ion tha t  while t h e  

level of the s t a t i c  pressure does not appear t o  be a s a t i s f ac to ry  indica- 

t ion of the flow through the pores, I t  appears tha t  the var ia t ion of the 

s t a t i c  pressure does coincide w i t h  the var ia t ion of mass flow. T h i s  i s  

borne out by the changes which occurred when a model was introduced in to  

the stream. The introduction of the model caused very h i g h  flow rates  

through the pores a n d  a s ign i f icant  increase i n  s t a t i c  pressure was 

measured along the converging section of the diffuser .  

It  was 

I n  general ,  the theoret ical  a n d  experimental flow rates  a r e  i n  good 

agreement f o r  the configurations with no f r ee - j e t .  The six inch length 

of f r ee - j e t  reduced the mass flow by 5 to  10% f o r  most configurations.  

The introduction of the model caused a s ign i f i can t  reduction i n  mass flow 

a t  a l l  Reynolds numbers, b u t  t h e  influence was most pronounced a t  the low 

Reynolds numbers. 

The agreement between the theoret i ca 1 and the experimenta 1 values 

of mass flow must be regarded as  somewhat for tu i tous ,  since the measured 

s t a t i c  pressures i n  the contraction sect ibn of the d i f fuser  were s ign i f i -  

cant ly  above the theoret ical  values i n  a l l  cases,  Figure 20 i s  t y p i c a l  of 
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t h i s  comparison. I n  the theoretical ana lys i s  the out-flow through the 

pores was assumed t o  be nearly proportional t o  the local s t a t l c  pressure. 

It would be expected tha t  the increased s t a t i c  pressure would r e su l t  i n  

a much higher pore mass flcw ra te  t h a n  t h a t  predicted by the theory, which 

used lower s t a t i c  pressures. T h i s  would reduce the mass flow ra te  through 

the d i f fuser  throat compared to the theory. For example, If a calculation 

is made of the pore flow using the experimentally measured pressures 

(Figure 20) instead of the theoretical  values, the mass flow through the 

pores would be more t h a n  doubled. T h i s  d i d  not occur experimentally a n d  

no explanation has been found f o r  t h i s  behavior. 

A limited investigation was made o f  t h e  e f f e c t  of varying t h e  chamber 

pressure. It was found that  some configurations were unusually sens i t i ve  

t o  small chamber pressure variations.  For example, durlrlg typical opera- 

t ion the chamber pressure varied between $ and 2 microns, depending upon 

the flow ra te .  The pressure was limited by the conductance of t h e  5’ 

diameter valve w h i c h  leads to  the cryopump. i t  was found tha t  ra i s ing  

the chamber pressure by 1 micron could cause a s ign i f i can t  change i n  mass 

f low a n d  pressure recovery. This i s  i l l u s t r a t e d  i n  Figure 21 which shows 

the variation i n  d i f fuse r  throat mass flow w i t h  chamber pressure f o r  a 

configuration w i t h  and without a model i n s t a l l ed .  Since the pressures 

measured on the inside of the diffuser were of the order of 10 microns o r  

greater,  i t  i s  d i f f i c u l t  t o  understand how a chamber pressure var ia t ion  

of 10% of t h i s  value would cause such a large change i n  mass flow. 

seems possible t h a t  the phenomenon t h a t  i s  responsible f o r  t h i s  var ia t ion  

of pore flow w i t h  chamber pressure may a i s 0  be responsible f o r  the reduced 

It 
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va lues  of pore f low when compared to the theoretical values associated 

w l t h  the h i g h  s t a t l c  pressure levels measured I n  the d l f fuser ,  
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COMPARI SON WI TH P R E V l  OUS EXPERIMENTS 

Rogers (1962) presented the r e s u l t s  o f  an exper imental  I nves t i ga -  

I n  these experiments an a t tempt  had t i o n  o f  a porous cooled d i f f u s e r .  

been made t o  f a b r i c a t e  a v a r i a b l e  p o r o s l t y  d i f f u s e r .  T h i s  was done 

us ing  two porous concen t r i c  cones. 

a l ignment  between the pores, the l eve l  of p o r o s i t y  was no t  accu ra te l y  

es tab l fshed.  

cone was cooled w i t h  l i q u i d  n i t rogen.  The c o o l l n g  on the i nne r  cGne de- 

pended upon conduct lon f rom the ou ter  cone. I n  the present  ~ n a l y s l s  i t  

h a s  been assumed t h a t  the w a l l  was cooled t o  l l q u i d  n i t r o g e n  temperatures. 

The e f f e c t i v e  p o r o s i t y  was determined by making c a l c u l a t i o n s  f o r  3 ?pr ies  

o f  p o r o s l t i e s  and s e l e c t i n g  the  one t h a t  agreed w i t h  the  experim2:ts a t  

a s p e c i f i c  Reynolds number. 

the  i n d i v i d u a l  cones was 30$, the e f f e c t i v e  p o r o s i t y  was 7.5%- 

par ison  between the t h e o r e t i c a l  and exper imenta l  v a r i a t i o n  p f  mass f l ow  

w i t h  Reynolds number i s  shown i n  F igure  22, The p o r o s i t y  had been r ? l e c t e d  

t o  agree w i t h  the exper iment a t  Re/ in = 1000 . I t  i s  seen t h a t  there  i s  

general agreement a t  a l l  Reynolds numbers except the h ighes t .  This h igh-  

e s t  Reynolds number p o i n t  i s  somewhat quest ionable s ince  the  f l o w  leavincj 

the nozz le e x i t  was non-uni form and had s t r o n g  cornpressions on the o u t e r  

edge. Whi le  i t  would be expected t h a t  the s t r o n g  compressions v - u l d  

r a i s e  the  s t a t i c  pressure and consequent ly t h e  f l o w  o u t  through the  pores 

of the d i f f u s e r ,  t h i s  does no t  appear t o  have been the case. The mass 

f l o w  pass ing through the  d i f f u s e r  th roa t 'was  g rea te r  than t h a t  p r e d i c t e d  

Due t o  a d i f f i c u l t y  i n  ma in ta in ing  

A f u r t h e r  d i f f i c u l t y  was encountered because o n ? y  the  o u t e r  

I t  was found t h a t  whereas the p o r o s i t y  05 

The com- 
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by the theory, which lndlcates a lower mass flow passing through the pores. 

T h l s  fs another example of the dlfftculty of calculattng the flow through 

the pores. 

Figure 2 3  shows a comparison between the theoret ical  and experimental 

values of pressure recovery. I n  th i s  case, Equations 9 and 10 have been 

used to  ca lcu la te  the l lmits  on the  pressure recovery b u t  the experlmentally 

measured mass flow has been used I n  place of the theoret ical  value. The 

resu l t s  show the experlmental pressure recoveries a r e  s l i gh t ly  below the 

m i n i m u m  theoret ical  values. This i s  the r e su l t  of losses occurring down- 

stream of the throat of the diffuser,  

This d i f fuser  conflguration was a l so  adversely affected by the 

presence of the model i n  the t e s t  section. When a cylinder was inserted 

into the stream so i t  spanned the tunnel, the mass flow was decreased by 

approximately one-half. 

t h e  t e s t  section diameter. 

The cylinder had a dlameter equal to about 6% of 



, ;' 

CONCLU.SI ONS 

The resu l t s  of the se r i e s  of investigations on porous wall low den- 

s i t y  w i n d  tunnel d i f fusers  have shown good agreement between theory and 

experiments. I t  was predicted theoret ical ly  and conflrmed experlmentally 

tha t  the l i m i t s  on the pressure recovery a t  the d i f fuser  throat  can be 

given by the following simple equation. 

I n  t h i s  expression the constant c is  unity as  a lower l i m i t  and 1-65 

as  an u p p e r  l i m i t  f o r  hypersonic flow w i t h  = 1.4 . The lower l i m i  t 

corresponds t o  choking a t  t h e  d i f fuser  throat  w h i l e  the upper l i m i t  

corresponds to  isentropic  flow between the nozzle throat  and the d i f fuse r  

throat  followed by a normal shock, From an analysis  of several nozzle- 

d i f fuse r  combinations, i t  was concluded tha t  the heat t ransferred to  the 

w a i l s  was small and the term - T2 would not vary s ign i f i can t ly  from .85. 
T 

T 

From a comparison of the resul ts  of a computer program and the 

experimental invest igat ion,  i t was found tha t  the theory accurately 

predicted t h e  var ia t ion of d i f fuser  throat mass flow w i t h  d i f fuse r  throat  

area r a t io .  It was concluded, however, tha t  t h i s  agreement was somewhat 

for tu i tous  s ince the level of s t a t i c  pressure i n  the d t f fuse r  was much 

higher than t h e  theoret ical  value. This higher s t a t i c  pressure should 

have resulted i n  an increased mass flow b u t  through the porous wails of 

the d l f fuser  and a resu l tan t  decrease i n  mass flow through t h e  d i f fuser  

T* 
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1 

the model used 

incorrect. I t 

study. 

throat.  Since th i s  was not found to be the case, i t  was concluded tha t  

n calculat tng the flow through the d l f fuser  pores was + 

s suggested t h a t  this is  an area that  warrants fur ther  

I t  was found tha t  introducing a model into the stream caused'a 

s ign i f icant  reduction i n  d i f fuser  throat mass flow and pressure recovery. 

T h e  large decrease l n  d i f fuser  t h r o a t  mass flow implies an Tncrease i n  

mass flow through the porous walls. It was found that  the d i f fuser  s t a t l c  

pressures increased when the model was ins ta l led .  T h i s  would lead to an 

increase I n  flow through the porous walls i f  the flow Is proportlonal t o  

t h e  s t a t i c  pressure 

T h e  theoretica 

pressu re recover i e s  

- invest i g a t  i on  indicated 

approaching unity for  the 

t was posslble t o  obtain 

flow remaining I n  the 

d i f fuser  throat.  These h l g h  pressure recoveries could 

a t  the expense of having most of the flow pass through 

of the diffuser .  Since any practical  design must cons 

of flow passlng through the diffuser  pores as  well as  

only be obtained 

t h e  porous wa 1 is  

der the quantity 

he flow passing 

through the throat ,  l t  i s  necessary t o  make a trade off between d i f fuser  

throat  pressure recovery and pore mass flow. 
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F i g u r e  14. Variation of Pressure Recovery w i  th Mass Flow 
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